The cognitive benefits of acute flavonoid interventions have been well documented, however, research to date has found that, depending on developmental stage, these benefits manifest themselves in different cognitive domains. It is argued that the lack of global cognitive effects following flavonoid intervention may be a result of insufficient task sensitivity for those domains where no benefits are found. In children, executive function is a cognitive domain which has shown little apparent benefit following flavonoid intervention. Here, we describe a Modified Attention Network Task (MANT) designed to vary levels of cognitive demand across trials in order to investigate whether flavonoid related benefits can be shown for executive function when task sensitivity is carefully manipulated. Twenty-one children were recruited to a double blind cross-over study consuming 30 g freeze dried blueberry powder (WBB) or placebo before being tested at 3 hours. Performance in the WBB condition was found to be significantly faster in comparison to placebo particularly on more cognitively demanding incongruent and high load trials. Trials in which a visual cue alerted participants to the imminent appearance of the target also showed better performance following WBB administration. We conclude that WBB administration can enhance executive function during demanding elements of a task, but that the complexity and demand of the task as a whole may be equally important to performance.
Introduction
The health benefits of flavonoids, a subclass of polyphenols found in abundance in fruit, berries, tea, and certain bark extracts, are well documented and include improvements in coronary and vascular function. 1, 2 There is also a growing body of evidence which shows intervention with flavonoids, can also enhance cognitive function following acute and chronic interventions in human [3] [4] [5] and animal [6] [7] [8] [9] [10] studies. Although studies generally employ a large battery of tasks, it is rare to find improvement across all measures; nonetheless some researchers have described improvements in 'global' function when combining performance across all measures. 11 Typically, cognitive domains which have shown improvements following acute interventions include executive function, 12, 13 attention, [13] [14] [15] [16] working memory, [16] [17] [18] [19] psychomotor processing speed, 12, 20 and episodic memory. 18, 21, 22 Furthermore, as reported by Bell et al., 3 there are indications that different cognitive domains are sensitive to flavonoid interventions at different ages. For example, episodic memory benefits have been found in children and aging adults 18, 21, 22 but not young adults, whilst improvements in executive functioning have been robustly produced in young adults [12] [13] [14] 16 but findings have been less convincing in children and older adults. Whilst these different effects may reflect genuine lifespan changes, given the relatively small number of studies which have investigated the effects of flavonoids on those at critical developmental stages, an equally likely possibility is that the tasks used were not sufficiently sensitive to find effects regardless of cognitive domain. Indeed, neuroimaging studies indicate differences in brain activation following flavonoid interventions even when clear behavioural differences have not been found. 17, [23] [24] [25] Furthermore, Scholey et al. 16 found cocoa flavanol related improved executive function effects in young adults when employing a sustained mental effort battery designed to reduce ceiling effects, and, in a chronic anthocyanin rich blueberry intervention with older adults, Miller et al. 26 noted that, from a wide battery of cognitive tests treatment related improvements were found on the more challenging executive function tasks.
Recent evidence from our laboratory indicates the benefits of flavonoid supplementation may be modulated by the level of cognitive demand associated with a task. 21 Here, 7-10 years old children were supplemented with an anthocyanin-rich wild blueberry (WBB) intervention before completing a Flanker task. Three hours after treatment with an intervention containing 253 mg anthocyanins, children showed significantly greater accuracy on cognitively demanding incongruent trials, while no such effect was found for the less demanding congruent trials. We hypothesise that as the cognitive difficulty or demand of a task increases, individuals will initially show a similar reduction in performance regardless of whether they have been supplemented with a flavonoid or vehicle intervention. However, beyond a certain point, as cognitive difficulty continues to increase, the performance of individuals supplemented with placebo will fall off more rapidly than those supplemented with a flavonoid intervention. If this model is correct, flavonoid interventions will produce advantages in performance when the task is sufficiently demanding to negatively affect the performance, but not so demanding that it is impossible to perform. Successful flavonoid intervention should thus manifest itself through sustained performance on the task beyond what would be achievable with a placebo intervention.
Here we describe a modified attention network task 27 designed to dynamically manipulate the level of demand on visual load, stimulus duration, response interference, orientation, and alerting. In the original Attention Network Task, participants responded to a central arrow in an array of arrows which could be facing in a congruent (e.g. <<<<<) or an incongruent (e.g. <<><<) direction. Cueing information alerting the participant to the onset and location of the arrow were also employed. Here we further manipulate task demands by manipulating the number of flanking arrows, the length of time the target appeared on screen, and the level of background noise. Using the same experimental conditions as we have previously described 21 with our WBB intervention containing 253 mg anthocyanins and testing occurring 3 hours post consumption, we hypothesise that WBB-treated participants will perform more effectively in comparison to placebo intervention on the more cognitively demanding trials of this task. For example, participants would be expected to respond more accurately and rapidly to un-cued trials with high visual load, incongruent flanking arrows, 500 ms stimulus duration, and distracting background noise following WBB treatment in comparison to vehicle. However, for less cognitively demanding trials, such as cued trials with low visual load, congruent flanking arrows, 120 ms stimulus duration, and no distracting noise we would predict no difference between treatments. Between these two extremes, consideration of trials where the cognitive demand of the individual variables is mixed, should allow us to more closely identify the areas and points at which the benefits of flavonoid intervention begin to be seen.
Methods
This study was reviewed by the University of Reading Research Ethics Committee and was given a favourable ethical opinion for conduct.
Participants
Based on the results from Whyte et al. G*Power analysis software was used to conduct an a priori analysis using an effect size of 0.45, and alpha level of 0.05. The analysis indicated that 21 participants would be required to achieve a power of 0.8. Twenty one children (10 female) aged between 7 and 10 were recruited from schools located within ABC1 ( primarily middle class) areas local to Reading University. Schools were contacted directly by the researcher and, following permission to proceed, a brief talk at the school was given to invite children of the relevant age group to participate. All children were also given an information pack containing a child appropriate written invitation and further invitation and information sheets for the parent/legal guardian. Parents/legal guardians were asked to indicate their interest in taking part in the study by return of mail. Appropriate consent forms were completed by both the child and parent/legal guardian before testing commenced.
On initial recruitment, parents/legal guardians confirmed that participants spoke English as a first language, had not been diagnosed with ADHD or dyslexia, and had no known intolerance to any fruit or fruit juice. Participants completed the Raven's Coloured Progressive Matrices 28 as a measure of fluid intelligence. Parents/legal guardians also completed the ADHD rating scale IV, 29 the Edinburgh handedness inventory 30 and confirmed average daily fruit and vegetable consumption on behalf of the child. Demographic results from these measures are shown in Table 1 .
Materials
Anthocyanin content of the blueberry powder was analysed as detailed in Rodriguez et al. 31 The 253 mg blueberry anthocyanin treatment contained 30 g freeze dried wild blueberry powder (108 kcal) while the placebo treatment contained 8.9 g of fructose, 7.99 g of glucose and 4 mg of vitamin C matching the levels of these nutrients found in our active treatment. Thirty minutes before consumption, a confederate mixed active and placebo powders with 30 ml of a low flavonoid orange cordial (Rocks Orange Squash; 8.4 kcal containing 13.2 mg flavonoids in total per 30 ml) and 170 ml of water into an opaque plastic cup with opaque lid. Treatments were consumed through a black straw by the participant. The participant and experimenter therefore remained blind to the treatment on each test day.
E-Prime V2 (Psychology Software Tools, Inc.) running on a PC with a 15″ screen was used to display the stimuli and record participant responses. Playground noise was played through Sennheiser HD202 headphones at a level of 86 dB.
Task development
The task is a modification of the Attention Network Task (ANT). 27 As described above, participants respond to a central arrow which can either be congruent or incongruent to the arrows surrounding it. Additional cues are presented before the stimulus in each trial. From these manipulations, measures of executive attention can be achieved by comparing congruency; measures of alerting can be achieved by comparing trials where cues or no cues are presented; and measures of orienting can be achieved by comparing trials where location or double cues are given. To this we added three further conditions. Response time to target is known to increase as the number of non-target items increases, 32 therefore a visual load condition was added by varying the number of arrows presented on each trial. There is also a positive relationship between target duration and response time and therefore blocks of short 120 ms and long 500 ms targets were employed. Finally, given that the significant findings from the Whyte et al. 21 study were found during the school lunch break with an element of playground noise which may have introduced a further element of distraction, a condition with prerecorded playground noise was introduced.
The task was piloted in order to confirm that that load, congruence, cue type and target time effects could be achieved as predicted (see additional material for results).
Modified attention network task (MANT)
Practice trials. Participants initially completed 36 practice trials. Over the first 18 trials the target duration decreased from 1000 ms to 120 ms to facilitate accommodation to the speed of response required. In order to confirm participants could perform the task at above chance levels, if participants scored less than 60% correct responses on completion of the initial 36 practice trials, further instruction was given followed by additional sets of practice trials. In total 17 participants required additional training, with a single additional practice required by 5 participants, 2, 3, and 5 additional practices were required by 6, 5, and 1 participants, respectively.
Test trials. Participants performed four blocks of the MANT, each consisting of 80 trials. For the main task, participants were initially shown a fixation slide with a cross in the centre of the screen, for 1000 ms. This was followed by either no cue, a centre cue, a double cue or a spatial cue which was displayed for 120 ms and randomised so that each cue appeared with equiprobability. There was then a further short fixation period of 450 ms. The stimuli were then displayed either above or below the fixation point for 120 ms (two blocks) or 500 ms (two blocks) and could be congruent, incongruent or neutral depending on the direction of the arrow and whether there were flanker arrows present (see Fig. 1 ). Neutral trials were considered to be low visual load with congruent and incongruent trials either being medium visual load (one row of 5 arrows) or high visual load (two rows of 5 arrows). The stimuli position, congruence, and load were randomised so that each was displayed with equiprobability. In addition, one 120 ms target block and one 500 ms target block was accompanied by playground noise peaking at no more than 86 dB; other blocks were presented in silence. Participants were instructed to press the mouse button corresponding to the direction the central arrow was facing and had a 1000 ms response window extending into the following fixation slide. Accuracy and response times for each treatment were measured for congruency, load, target duration and cue type. In order to control for responses made before the stimuli could be properly processed, trials with RTs of less that 100 ms were removed from the analysis.
Procedure
Participants were tested on 3 occasions over a 2 weeks period (a baseline session followed by two test sessions). For the 24 hours before each test session, participants were asked to consume a low flavonoid diet. An information sheet containing a list of suitable low flavonoid foods and unsuitable high Fig. 1 Schematic of the modified attention network task. Participants completed 4 blocks two which had target duration of 120 ms and two which had target duration 500 ms. One each of the 120 ms and 500 ms blocks were also accompanied by school playground noise. The remaining blocks were accompanied by silence.
flavonoid foods was given to the parent/legal guardian to facilitate this procedure. In addition, food diaries were completed by the parents or guardians to ensure compliance with the low flavonoid diet for 24 h preceding each test. Inspection of the food diaries for unsuitable foods confirmed that all participants adhered to the diet. On each test day, the participants consumed a low flavonoid lunch consisting of a ham or cheese sandwich, bag of plain crisps and a banana, provided by the parent/legal guardian. Participants were allowed to consume water ad libitum during each test day. No treatment was given before the baseline/practice session which was always week 1. During weeks 2 and 3 the placebo and WBB treatments were administered in a fully counterbalanced order across participants. There was a seven day wash-out between each treatment. All treatments were consumed at 1300 in the participant's school, 3 h prior to testing in our laboratories at the University of Reading.
Data treatment
Given the total number of possible analyses and resulting danger of family-wise error, a number of a priori decisions were taken such that analysis of reaction time and accuracy was restricted to the following:
• A four way drink (2) × load (2) × target duration (2) by congruence (2) ANOVA was performed as visual load and response interference are known to interact with duration of target. 33, 34 Given that the single arrow trials count as both low load and neutral congruence stimuli, they were removed from this analysis in order to allow for both load and congruence to be compared together.
• A three way drink (2) × noise (2) by congruence (3) ANOVA was performed to investigate whether the interference effects found by Whyte et al. 21 during the lunch time period were mediated by additional distraction from external playground noise.
• The orienting and alerting cognitive networks are believed to operate in isolation to interference effects. 27, 35 It was therefore decided to perform a direct 2 × 4 (treatment × cue) ANOVA analysis as described below.
Where appropriate, following a significant Mauchly's test, the Greenhouse-Geisser correction was applied to compensate for violation of the assumption of sphericity.
As the initial baseline session was treated as a practice session, all analyses were performed on the second two treatment sessions using SPSS V21. confirming the effect of these manipulations (note, for analyses reported below, the main effects for load and congruence were uniformly significant and are therefore not reported Given the near significant interaction, a simple main effects analysis was performed comparing treatment for each cue type using paired samples t-tests. As can be seen in Taken as whole these findings indicate that, regardless of type, the presentation of a cue before target presentation facilitates faster response times following blueberry treatment when compared with vehicle.
Results

Analysis of treatment × target time × load × congruence effects
No significant effects were found for the treatment (2) × cue (4) ANOVA accuracy analysis.
Speed -accuracy trade off
As reported above, there was no significant difference between treatments for the measures of accuracy, indicating that the WBB related improvements in reaction time were not achieved with a cost to accuracy. One participant was found to be performing at chance for accuracy in both conditions (WBB = 0.049, placebo = 0.047) and one for WBB only (0.42). The relationship between speed and accuracy was investigated further by calculating each participant's inverse efficiency scores, dividing overall proportion correct responses by mean reaction time for each treatment. There was no significant difference between treatments [t (20) = −0.751, p = 0.462].
Discussion
Previously, flavonoid research involving children has primarily shown positive effects of intervention within the domain of memory performance with only one study indicating a possible accuracy benefit on the incongruent trails of a response interference task. 21, 22, 36 Evidence for beneficial effects on executive function following an acute flavonoid rich intervention within this age group were therefore equivocal though it was hypothesised that this was a function of previous tasks lacking sensitivity. Here, for the first time, we have demonstrated significantly faster response times following a wild blueberry intervention on a task of executive function and highlighted the conditions under which these effects might be found. Analysis revealed that, as hypothesised, the benefits of the blueberry treatment were evident on more cognitively demanding high load or incongruent trials indicating a beneficial effect on EF under these conditions. These effects were particularly evident where stimulus presentation was 500 ms. Though it had been hypothesised that participants would perform more accurately following blueberry treatment on incongruent/noise trials, this effect proved to be non-significant, with noise having no effect on accuracy performance. No speed-accuracy trade-off was evident, though it should be noted that two participants did perform at chance. Finally, given the overarching hypothesis that, as cognitive demand increased, the benefits of WBB treatment would increase in comparison to vehicle, one might have expected to find the greatest difference between treatments to be found on the non-cue trials. This was not the case, with a significant advantage for WBB treatment being found for each type of cued trial.
Our study was specifically designed to test the hypothesis that as cognitive demand increases, a flavonoid driven advantage will emerge whereby the difference in performance between WBB and vehicle treatments will increase up to the point where the task becomes overly demanding for effective performance to continue. This idea was not fully supported, with some elements (such as cueing) seemingly facilitating better WBB-related performance irrespective of task difficulty. Nonetheless, we observed a cognitive load and congruence effect with participants responding more rapidly following WBB intervention in the more cognitively demanding high load and incongruent conditions where target duration was slower. Furthermore, as Simon and Berbaum 34 report on a response interference Stroop task, increasing stimulus duration led to slower response times. Welford 37 proposes that the time taken to integrate information before making a response increases in line with stimulus duration. Where duration is short, as with the 120 ms duration, at stimulus offset no further information is available at the point the response is made. The longer 500 ms duration extends the period for stimulus sampling and integration. This increases processing of the interference elements of the stimulus. Better performance on the incongruent and high load trials at 500 ms but not at 120 ms can therefore be argued to demonstrate a WBB benefit-i.e. overcoming the effects of these cognitively demanding elements when they are more challenging. It had been considered that the playground noise present during the lunch time session in our previous study may have proven distracting and therefore increased cognitive load. We therefore hypothesised that by introducing such noise in the current study better performance might be found following WBB in comparison to placebo. This was not the case, with no effect between treatments being found for this condition. One possible explanation for the lack of effect found here is that the sound file had been compressed to give a dynamic range of no more than 20 dB. Reducing the dynamic range in this way may have made the noise more constant in nature and reduced the startling nature of any sudden changes in level. Previous research has found that constant sound, such as white noise, can have a positive effect on cognitive performance on executive function tasks in 8-10 years old children dependent on their attentional capabilities 38 and it is possible that the noise used in the current study may have mediated performance in such a way as to mask any positive WBB effects. It should be noted that exploratory analysis including ADHD IV (as a proxy for attentional capabilities) ratings as a covariate in a treatment by noise ANOVA (not reported here) found no significant effects, however, future research should consider a noise distractor with a greater dynamic range and more distracting nature.
No physiological measures were taken during this study however, studies considering the acute effects of flavonoid interventions on cerebral blood flow (CBF) with young adults have shown increased perfusion in areas such as the middle frontal gyrus, pre-central gyrus and occipital cortex following acute anthocyanin rich blueberry treatment 18 with older adults showing increased perfusion in the anterior cingulate cortex (ACC) and central opercular cortex of the parietal lobe following acute cocoa flavanol treatment. 39 Of particular interest here is the increased CBF in the frontal, particularly dorsolateral prefrontal (DLPFC), and ACC areas. These areas are believed to be important for detecting and resolving interference in Stroop and Flanker tasks similar to the one used in the current study. 40 It could therefore be posited that a possible mechanism underlying the improved executive function performance found in the current study is the facilitation of performance by increased blood flow to key areas required to effectively perform our response interference MANT task. Additionally, fMRI studies have found that, following chronic blueberry interventions, aging adults have shown increased BOLD activation of the ACC and frontal areas during performance of an n-back task, 17 and also the left middle frontal gyrus during a Stroop task. 25 Interestingly the increased activation did not lead to improved performance for the Stroop, a similar executive function response interference task to the MANT, however in a recent chronic blueberry intervention with aging adults Miller et al. 26 found improvements in executive function tasks which were primarily reliant on the frontal region of the brain and were also considered to be the most challenging in the battery employed. These findings give further credence to the proposal that, even though a cognitive domain, such as executive function, may be responsive to flavonoid intervention and physiological effects may be apparent, the intervention may not show beneficial behavioural changes unless the task is sufficiently sensitive as found by Miller et al. 26 and also in our current study.
The implications of the cueing effect found here are interesting given they suggest that, in addition to the positive executive function-related effect, there would also seem to be a positive WBB-related alerting network effect. The ACC and DLPFC which, as discussed above, show increased activation in cognitive tasks following blueberry anthocyanin intervention have been found to be important for phasic alertness [41] [42] [43] and it is therefore proposed that this previous research is consistent with our current findings. An alternative interpretation of the results here is that the comparative increase in complexity and demand inherent in the current task may have facilitated the global improvement in treatment related performance rather than a particular combination of cognitively demanding conditions. Scholey et al. 16 propose that in addition to task sensitivity, sustained cognitive effort is required to reveal differences in flavonoid related performance, and indeed their research findings would seem to support this. The findings here indicate that, by increasing the overall level of cognitive demand of the task, the need for longer periods of sustained cognitive effort to show an effect is lessened. Further research of the MANT with an adult sample would therefore be recommended to investigate whether this effect might extend to an adult population.
Our current findings add to previous research with primary school age children which have shown improved memory function following flavonoid related interventions. Taken together with the clear improvements in executive function performance shown here, it can be proposed that supplementation with WBB would be beneficial in a learning environment to boost both memory and attention. Indeed, there is good reason to posit that intervention with WBB may lead to direct improvements in the classroom. Executive function abilities are believed to be crucial to academic performance. Performance on tests of working memory, and inhibition (similar to the MANT) have been found to be predictive of maths and reading ability in elementary school aged children. [44] [45] [46] Additionally, Rueda et al. 47 found that, following 5 days of attention training, children 4 and 6 years of age improved in performance on the Attention Network Task (from which the MANT was developed) and, importantly, this improvement in executive function ability also transferred to improved fluid intelligence. It is therefore possible that our WBB related improvements in executive function may transfer to IQ and academic performance. Further support for the impact of WBB on academic achievement comes from the finding that significant improvements in reaction time of up to 9% were found in comparison to placebo. This indicates an improvement in information processing speed. Importantly, positive significant relationships have previously been found between processing speed and academic achievement in areas such as maths, reading, and language skills [48] [49] [50] [51] [52] [53] and in a review of the intelligence and speed of information processing literature, Sheppard and Vernon 54 found that measures of intelligence were also significantly related to processing speed. To our knowledge, at present no studies have been published considering the effect of a flavonoid intervention on academic outcomes in children, however, given the relationship between executive function and processing speed found in the current study, further research is recommended to consider the chronic effects of WBB intervention on these measures. Furthermore, the positive effect on cognitive function found here is also important in relation to long-term outcomes. Cognitive function in older adults is substantially determined by peak cognitive ability attained in childhood, 55 and poorer cognitive function in childhood is a risk factor for common mental health problems many years later. 56 Thus, continued WBB supplementation within this age group could have a significant impact on lifelong cognitive and mental health.
Conclusions
The results of this study suggest that positive effects of blueberry flavonoid intervention can be found within the domain of executive function for younger children. This effect was most evident on incongruent and high load trials, suggesting performance can be maintained on the more cognitively demanding aspects of the task following WBB treatment when compared with placebo. Conversely, a cueing effect was found where WBB positively affected phasic alertness indicating that a higher level of cognitive demand may not always be necessary for a difference to be shown. A further interpretation of the results, therefore, is that rather than any effect of individual variables, the increased cognitive demand of the task as whole may be the most important factor for a difference in performance between treatment conditions to be found.
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